Food choice is known to be correlated with genotype in the crustacean Gammarus palustris. Given a choice of Enteromorpha intestinalis (E) over Ulva lactuca (U), individuals homozygous for the Amy ir52 allele have a greater preference for E than do Amy If55 homozygotes. To account for this correlation, we hypothesized that the proportions of saccharides released by the enzymatic action of Amy 1152 on E or Amy II on U starches differ from and better stimulate feeding than those released by Amy 11.2 on U and Amy II 5S on E starches. To test this, the two forms of amylase were purified by glycogen/ethanol precipitation and preparative PAGE. Their product distributions with each of the starches were determined by HPLC. Each amylase/starch combination gave different distributions of the main products: maltose, maltotriose, and maltotetraose. Feeding preference tests using artificial foods containing these sugars showed that the product distributions from Amy HI52/E starch or Amy H5-5/U starch were preferred over those from Amy iH52/U or Amy if5-5/E. One of the most basic observations about animal behavior, especially of vertebrates, is its individuality. An important source of behavioral individuality is variation in sensory perception. Early in this century, Blakeslee discovered that humans differ in olfactory perception, and he hypothesized that each individual lives in its "unique sensory world" (1). Individual variation in sensory perception is generally thought to reflect genetically determined variation in senseorgan or receptor-site structure.
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Patterns of preferences for the artificial foods closely matched those observed in earlier experiments in which different genotypes fed on intact algae. Thus, genetic differences in feeding preferences can be understood in terms of variation in biochemical properties of a digestive enzyme. These results highlight a previously unappreciated role for digestive enzymes: in their capacity to modify the chemical nature of environmental stimuli prior to gustation, digestive enzymes can be viewed as having important chemosensory roles.
One of the most basic observations about animal behavior, especially of vertebrates, is its individuality. An important source of behavioral individuality is variation in sensory perception. Early in this century, Blakeslee discovered that humans differ in olfactory perception, and he hypothesized that each individual lives in its "unique sensory world" (1). Individual variation in sensory perception is generally thought to reflect genetically determined variation in senseorgan or receptor-site structure.
Because their behaviors tend to be more stereotyped, invertebrates are often better than vertebrates for the study of the genetics of behavioral variation. Jaenike and Holt (2) cite a number of examples in which genotype is correlated with habitat or food preferences in invertebrates.
In this paper we continue our studies of the genetics of feeding preferences in an amphipod crustacean, Gammarus palustris. Earlier studies established a correlation between amylase genotype and food preference. Given a choice of Enteromorpha intestinalis (E) over Ulva lactuca (U), individuals homozygous for the Amy 1152 allele have a greater preference for E than those homozygous for the Amy IP55 allele (3, 4). This observation raised intriguing questions. How could genotype influence feeding behavior? Could the correlation The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. arise through differences in enzyme properties between the allelic forms (allozymes)? If so, how?
Amylase action generates a set of low molecular weight oligosaccharides, including maltose, maltotriose, maltotetraose, etc. Preliminary experiments with G. palustris using artificial foods showed that these small sugars can be distinguished from one another and that they stimulate feeding behavior to different extents (R.B., unpublished data). To explain the correlation between genotype and preference for more complex foods, it was hypothesized that each combination of G. palustris Amy II allozyme and a different algal starch results in a unique sugar product mix, with some mixes more effective as feeding stimulants than others (3).
This hypothesis is feasible because these animals contain high levels of amylase activity, and they spill amylase onto their food while eating (5). Thus, amylase activity is available not just for internal digestion but also for predigestion and conditioning of food (5).
It has been shown that the distribution of small molecular weight products of amylolysis varies, depending upon both starch and amylase source (6, 7). To our knowledge, however, differences in product distributions have not been demonstrated for amylase allozymic forms within a species. Therefore, the first step in testing the hypothesis would be to determine whether different types and proportions of oligosaccharides are produced when the G. palustris allozymes act on the algal starches. If so, the next step would be to test whether these product sets stimulate feeding to different extents.
In this paper, we report our tests of this hypothesis, starting with the purification of the G. palustris Amy II allozymes and the determination of their product distributions on algal starches. These product distributions were then used in the design of artificial foods to test whether the animals would discriminate among them and whether their preferences matched those predicted from the preferences of the genotypes for the intact algae.
MATERIALS AND METHODS
Live Material for Amylase Preparations. G. palustris individuals were taken from Spartina alterniflora roots and culms at Broad Channel, Jamaica Bay, New York City. Shortly after collection they were separated from accompanying debris and used as starting material for the purification of amylases. Approximately 5000 individuals (10 g dry weight) were used for the purifications. Thus, the pooled extract was representative of all amylase forms present in the population.
The amylase purification procedure started with grinding the animals (-30 (PAGE) . This experiment was done twice, with a slight modifi'cation of the procedure the second time. The first time, both PAGE gels had the same polyacrylamide concentration (7.2% total concentration, 2.5% cross-linker); the second time, a higher total polyacrylamide concentration was used in the second gel (10.3% total, 2.5% cross-linker). The original buffer system of Ornstein and Davis (as cited in ref. 10) was used, and the gels (1.5 mm) were electrophoresed at 20 mA for 3 h at 4°C.
After running the first PAGE gel, amylase activity was visualized by covering sections of the gel with longitudinal strips of electrophoresis film (Sigma) previously covered with 0.75% agarose in 50 mM phosphate buffer/7 mM NaCl/0.5 mM CaCl2, pH 6.9, containing 1% amylopectin azure (Sigma). After 60 min at room temperature, blue bands revealed the zones of amylase activity. The Amy II-52 and Amy II55 zones were cut from the gel and loaded directly onto separate gels. After the second gel set was run, amylase zones cut from those gels were macerated in phosphate buffer II (2 mM phosphate/4 mM NaCl/0.5 mM CaCl2, pH 6.9) containing 0.05 mg of acetylated bovine serum albumin per ml. After 60 min the minced gels were poured on small columns and rinsed twice with the same buffer. Eluates were concentrated by ultrafiltration with Centricon devices (Amicon), and aliquots were separated for analytical PAGE. All samples were stored at -70°C until needed.
Algal Starches. Starches from algae collected at Jamaica Bay were prepared as described by Faulks et al. (11) . All procedures were done at 0-4°C. Extracts in 2% NaCl of U or E were prepared by using a Waring blender. The homogenates were passed through sequential sieves, and the resulting filtrate was centrifuged. The pellets obtained were washed in ethanol several times until most of the pigments were extracted. They were then lyophilized, resuspended in water, relyophilized, and stored in a desiccator at 4°C. The presence of starch was verified by testing the reducing power of the sample after incubation with and without porcine pancreatic amylase.
Product Distributions. Analyses of low molecular weight oligosaccharides released by the action of G. palustris amylases on algal starches and commercially available unmodified wheat starch (Sigma no. S-5127) were done by using a Waters HPLC system. Briefly, amylase preparations were incubated in phosphate buffer II with the indicated substrate. Aliquots of the reaction mixtures were taken at different times, boiled for 5-10 min to stop the reaction, cleared by centrifugation, and cleaned from high molecular weight components by ultrafiltration with a Centricon device (Amicon).
Low molecular weight saccharides in the samples were separated by isocratic HPLC by using a reverse-phase column (Dextro-Pak) with H20 as the mobile phase (1 ml/min). Elution of saccharides was followed with a refractive index detector. Different saccharides ranging from glucose to maltoheptaose (Gl to G7) from Sigma and Boehringer Mannheim, and a mixture of malto-oligosaccharides from Sigma were used as standards for the identification and quantification of the peaks.
Artificial Food Experiments. Artificial foods were made from saccharides dissolved in 1% agarose in water. Portions of 200 IlI were cast around glass beads and dried overnight at 40°C. Glass beads were color-coded to distinguish food types.
Color codes were changed frequently and randomized among food types. In these experiments, all beads contained the same molar quantities of additives (10 i.mol).
Observations of feeding behavior were made on freshly collected individuals that had been isolated overnight in filtered seawater. Each individual was offered two food beads and observed at 3-min intervals over the course of 90 min. At each observation it was noted whether it was feeding and, if so, on what. At the end of the observation period, the food eaten more often was recorded as preferred. Ties were excluded from analysis. All pair-wise comparisons of food types were made repeatedly in each experimental series. Each individual animal was tested only once and counted as a single entry in the matrix of pair-wise comparisons.
Because the artificial foods contained no substrates for Gammarus amylases, amylase genotype played no direct role in these experiments. Therefore, the experimental animals were not phenotyped.
Statistical Analysis and PI Values. The matrix of comparisons was analyzed by the method of Boyd and Silk (12) . This method gives maximum-likelihood estimates of the probabilities (PI) that each food will be chosen over any of the others in an encounter. These PI values are equivalent to relative preference scores. The overall significance of differences among PI values was tested by using the likelihood ratio method of Boyd and Silk (12) , and specific hypotheses were tested by x2 analyses.
RESULTS
Amy II Allozyme Hydrolysis of Algal Starches. Individual preparations of Amy II52 and Amy II-55, essentially free of any cross-contamination detectable by analytical PAGE, were successfully obtained by preparative PAGE. Two sets of experiments were performed to analyze the product distributions of Amy j1.52 and Amy -55 hydrolyses of the two algal starches. In both sets of experiments, the incubation mixtures were sampled for HPLC analysis at 13 and 60 min. The results of both experiments indicated that maltooligosaccharides larger than maltotetraose were not formed in any appreciable quantity and that the proportions of the different small sugars were unique for each allozyme/algal starch combination (Tables 1 and 2 ).
In the first experiment, however, glucose was detected. Because glucose is atypical as an initial product of a-amylases, this suggested that a glucose-forming enzyme was contaminating the samples. Therefore, the second time the enzymes were purified, the gel concentration was altered in the second PAGE step. This modification eliminated the glucose-forming contaminant.
While the distributions obtained in the two experiments appeared to be different, closer inspection showed that they were related. In particular, the relative quantities of maltotriose and maltotetraose were almost identical between the two experiments for each starch/enzyme combination ( Table  1) . The main differences between the two experiments was that glucose production was observed in experiment 1 and not in experiment 2, and much less maltose was seen in experiment 1. This suggested that the glucose-producing contaminant was a maltase.
To compare the two data sets, the data from experiment 1 were transformed by taking 0.5 times the molar quantity of glucose detected and adding it to the maltose quantity. After transformation, the distributions from both experiments were very similar and were averaged to get the best estimates of product distributions (Table 2) . Analyses of product distributions were made on the averaged data but were checked against analyses made only from the data of experiment two. Both sets of analyses gave nearly identical results.
The principal differences among amylase/starch combinations were observed in the proportions of maltose. The combination of Amy II52/E was the one having the greatest proportion of maltose, followed sequentially by Amy II,52/U, Amy I1I5/E, and Amy II55/U. Analysis of covariance (AN-COVA) was used to test the statistical significance of the variation in maltose among combinations. This analysis showed that maltose production was significantly affected by both enzyme and substrate (F1,11 = 21.0, P = 0.001; and F1,11 = 7.9, P = 0.05, respectively) but that there was no significant interaction between the two (F1,11 = 0.06, P = not significant).
The lack of significant interaction between enzyme and substrate means that the effects of each factor were additive. Given this additivity, multiple regression analysis of the 13-and 60-min data was used to obtain the best estimates of the independent effects of each factor. The multiple regression analysis showed that mean maltose production for all four combinations of enzyme and substrate at both incubation times was 45.9%. Maltose production from E starch averaged 9.3% higher than that from U starch [t12 (12 df) = 2.92, P = 0.01]. Maltose production by Amy I1152 averaged 15.2% higher than from Amy II5s (t12 = 4.77, P < 0.001). Maltose concentration dropped an average of 20.1% from the levels measured at 13 min to those at 60 min (t2 = 6.31, P = 0.001).
Multiple regression was also used to back-extrapolate from the 13-and 60-min data to arrive at an estimate of zero-time product distributions (Table 3) . These distributions were used in the design of artificial foods. Only the data from experiment 2 were used for the back extrapolation to avoid possible errors introduced by our corrections for the glucoseforming contaminant in experiment 1. Nevertheless, backextrapolation from the combined data set gave nearly identical estimates.
Artificial Food Experiments. Two series of artificial food experiments were performed. In experiment one, glucose through maltotetraose were tested against one another in all pair-wise combinations (n = 305; Table 4 Experiment two tested the zero-time product distributions of the four combinations of allozyme and starch. In this experiment, each artificial food type contained all three sugars, maltose through maltotetraose, in different proportions. These were meant to represent saccharide mixtures that would be liberated by the enzymatic actions of the amylases of either of the two types of homozygotes as they fed on either of the two types of algae. Each food type was named according to the combination of starch and enzyme that gave the sugar proportions it contained. For example, the combination "U/52" contained maltose through maltotetraose in the proportions liberated by Amy II52 acting on U starch.
The results showed that preferences varied among the four food types (Table 5 ; Fig. 2 ), and this variation was statistically significant (Xi = 13.3, P < 0.01). The combinations representing the product distributions of Amy II52 on E and Amy II 55 on U were preferred more than those of Amy 11.52 Table 4 . Matrix of results for pair-wise food preference tests of glucose (Gl), maltose (G2), maltotriose (G3), and maltotetraose (G4)   G2   G3  G4  Gl   G2  0  29  32  43  G3  23  0  32  32  G4  19  17  0  21  Gl   11  18  28  0 Each cell gives the number of times the saccharide in the row was preferred over the one in the column.
starches from U and E. See text for treatment of data from experiment 1, which was then averaged with data from experiment 2. G2, maltose; G3, maltotriose; G4, maltotetraose. Because the maltotriose/maltotetraose ratio was near unity in each of the four mixtures, the differences among them can be expressed along a single axis (maltose). Thus, Fig. 2 This hypothesis has three predictions: (i) that the low molecular weight products of amylolysis will vary with each Table 5 . Matrix of results for pair-wise preference tests of artificial foods containing saccharide product distributions specified in Table 3 U combination of enzyme and algal starch; (ii) that certain product distributions will be more effective feeding stimulants than others; and (iii) that the products of amylolysis from Amy J1.52 on E starch and Amy II 55 on U starch will be preferred by G. palustris individuals over those from Amy 1.52 on U starch and Amy JI 55 on E starch.
The principal low molecular weight sugars produced by Amy II amylases from the algal starches were, in all cases, maltose, maltotriose, and maltotetraose. Each combination of starch/allozyme, however, gave characteristic proportions of these three sugars. The main differences observed among product distributions were in maltose proportions, and these were most evident at the beginning of the incubation (Table 2) .
These results confirm the first prediction of our hypothesis and show that, in this system, the products of amylolysis provide information sufficient to identify all enzyme/ substrate combinations. Such information is essential for any mechanism that will discriminate among starch types based on amylase genotype.
The second prediction of the hypothesis is that these saccharides, pure and in mixtures, can be sensed by the animals. The results ofthe artificial food experiments confirm this because significant preferences for one type of artificial food or the other could not exist in the absence of an ability to sense the additives.
The third prediction of our hypothesis, that the combinations E/Amy 11.52 and U/Amy JI@55 would be generally preferred by G. palustris individuals over U/Amy I1I52 and E/Amy IIS5, was confirmed by the results of artificial food experiment two. Thus, all links are in place to explain a correlation between genotype and feeding behavior purely through biochemistry.
First, the two types of amylase and two types of starchcontaining foods present four distinct enzyme/substrate combinations. Second, it is shown that the animals can sense and distinguish among the saccharide products of amylolysis. Third, it is shown that each enzyme/substrate combination produces a unique distribution of products. Fourth, it is shown that animals randomly selected for genotype prefer some of the product distributions over the others. Finally, it is observed that the preferred product distributions correspond to those produced by individuals chewing on their preferred intact foods. This suggests that the perception of the environment (food) varies with genotype because of genetically caused differences in enzymatic properties.
Proc. Natl. Acad. Sci. USA 90 (1993) n A l Finally, we observe that a correlation between genotype and food preference implies a mechanism that must not only distinguish among the genotypes and foods but also have a significant interaction component. That is, while the individual effects of variation in genotype or food type might be additive, at some point in processing this information a nonlinearity must be introduced. This nonlinear interaction component could be at the level of biochemistry, peripheral sense organ, or central nervous system.
In this case, the nonlinearity is introduced above the level of enzymatic action, because the effects of varying enzyme and substrate on product distribution were additive, with no significant interaction component. Thus, the differences among product distributions can only provide the means by which the system can distinguish them but are insufficient to explain the actual preferences for the mixtures.
The artificial food experiments showed that the preference for a mixture of saccharides was not an additive function of the individual preference scores of its constituents and their relative concentrations. This suggests that the nonlinearity arises either at the level of sense organ, perhaps through second-order interactions among saccharides at binding sites, or centrally. These are open questions for future research.
Correlations between amylase genotype and feeding preferences are not unique to G. palustris but have been reported also in the isopod Asellus aquaticus (13). Thus, they may be general in the peracarid crustacea or even in other groups.
This study shows that genetically controlled variation in feeding behavior may stem from variation in enzymatic function of a digestive enzyme. Variation in properties of digestive enzymes may, in general, influence our perception of the environment by altering the nature of what is perceived. To the extent that digestive enzymes shape our "unique sensory worlds" they can be viewed as having important chemosensory functions.
